We introduce the Interaction Factor (IF), a measure for quantifying the interaction of 19 molecular clusters in super-resolution microscopy images. The IF is robust in the sense 20 that it is independent of cluster density, and it only depends on the extent of the pair-21 wise interaction between different types of molecular clusters in the image. The IF for a 22 single or a collection of images is estimated by first using stochastic modelling where 23 the locations of clusters in the images are repeatedly randomized to estimate the 24 distribution of the overlaps between the clusters in the absence of interaction (IF=0). 25
Introduction 34
A fundamental question that many fluorescence microscopy experiments are trying to 35 answer is whether or not the molecules under study interact and how this interaction 36 changes under varying experimental conditions 1 . With the development of super-37 resolution (SR) fluorescence microscopy techniques, it is now possible to study 38 biological samples at the sub-diffraction level, allowing researchers to observe 39 molecules and their interactions at the tens of nanometers scale 2-6 . Since interactions 40 are not directly observed, the spatial overlap, or co-localization between molecules is 41 used as a surrogate for interaction. The co-localization observed at the scale provided 42 by SR is more likely to represent true interaction, creating a need for improved methods 43 of analysis. However, co-localization can occur at random and change with molecule 44 density 7 . For example, differing experimental conditions can cause an increase in 45 density and thus an increase in co-localization, while the interaction between molecules 46 does not change. Here, we introduce a measure that takes into account this 47 randomness and is not affected by changes in density. 48
49
In order to measure co-localization, there are generally two types of methods: intensity-50 based and object-based methods. Intensity-based methods focus on the correlation of 51 pixel intensity levels in the color channels of the image 1, 8, 9 . These methods can be 52 affected by noise 10 and therefore rely on the correct subtraction of background pixel 53
intensities. In addition, an increase of molecular density can cause an increase in the 54 value of these measures 1 . They can also be difficult to assess for statistical significance 55 coordinate (based on radial density) and then the aggregated results are evaluated 79 graphically 29, 30 . 80
81
We have developed a co-localization measure called the Interaction Factor (IF), which 82 is based upon measuring the amount of overlap between segmented objects, i.e. 83 clusters of molecules, in an image. It is a probability estimate between 0 and 1, where 0 84
indicates that the co-localization observed is due to random occurrence and 1 indicates 85 that all objects are co-localizing. This new measure addresses many of the drawbacks 86 with other methods: it makes a comparison to realistic random images, it is insensitive 87 to cluster density, it is easy to use and fast to calculate, and it provides an absolute 88 rather than a relative measure of interaction. We provide both an ImageJ plugin and a 89 python package that implement the IF calculation. 90
Results 91
Description of the algorithm 92
The input to the IF algorithm is a two-color fluorescence microscopy image with 93 segmented objects corresponding to the molecular clusters in the image, and optionally 94 a corresponding region of interest (ROI) ( Fig. 1a (i)-(ii)). Firstly, a series of images are 95 simulated by random placement of both sets of clusters within the ROI. Then, the 96 frequency that each cluster of one color (the reference color) co-localizes (overlaps with 97 at least one pixel) with any cluster of the other color is averaged over the total number 98 of simulations. This estimates the probability of random co-localization for clusters of 99 the reference color. (Figure 1a (iii)-(iv)). Finally, the Interaction Factor (IF) for the image 100 is calculated from Equation 1, which describes the percentage of overlapping clusters of 101 the reference color as a function of the IF. This equation can be derived from the 102 algorithm described in Supplementary Figure 1 , which provides a method for placing 103 clusters in an image where the probability of overlap is greater than that of random 104 placement. The input to this algorithm is the IF, which determines the increased 105 probability of overlap (see Online Methods for derivation): 106
Eq. 1 107 108 Where P = fraction of overlapping clusters of reference color, = Interaction Factor (IF), 109 (0) = probability of overlap of the kth cluster in the randomized simulations and = 110 total number of clusters. 111
112
The IF can be calculated in the context of either color and therefore we specify the 113 reference color used for the probability calculation, e.g. red-green (R-G) IF indicates 114 that the probability is calculated using green as the reference color. The IF ranges from 115 0 to 1, where 0 indicates co-localization merely due to random occurrence and 1 116 indicates complete co-localization (all clusters co-localized). Figure 1b shows an SR 117 image from experimental data of a cell nucleus with two fluorescently labeled proteins, 118 red and green. Two scenarios with randomized (IF = 0, Fig. 1c ) and highly correlated 119 (IF = 0.9, Fig. 1d ) placements of the two proteins are also shown, generated by the 120 algorithm referenced above ( Supplementary Fig.1 and Online Methods). to distinguish the degree of co-localization in an image from that of random occurrence, 156 the diagram shown in Figure 1e (ii) can be used as a general guide. 157
Validation and comparison to other methods 158
In order to determine if the R-G IF is affected by varying red cluster density, groups of 159 simulated images with different numbers and sizes of red clusters were produced at R-160 G IF=0 (random), 0.25, 0.50, 0.75, 0.90 and 0.95 using the algorithmic procedure 161 described in the Online Methods/ Supplementary Fig. 1 . The number of red and green 162 clusters drawn in the simulated images (100) was taken from the average cluster counts 163 of an experimental data set and the number of red clusters was then varied from 25 to 164 200. The size distributions of the clusters were based on measurements of segmented 165 clusters from the experimental image shown in Figure 1b . These clusters were 166 estimated as ellipses and drawn over the same ROI as shown for the experimental 167 image and the sizes of red clusters were then varied by multiplying the axes of the 168 ellipses by a factor of 0.5, 1.0, and 1.5 (while keeping the number of clusters the same).
Both red cluster number and size were varied to cover a larger range of density levels 170 than was observed experimentally. 171
172
The left panel of Figure 2a shows example simulated images with 25, 100, and 200 red 173 clusters at IF=0 (green cluster number = 100, all groups). The right panel of Figure 2a difference among groups (50% of size: n=20, 0.10±0.18 (SD); 150% of size: n=20, 192 0.10±0.13 (SD); One-way ANOVA, all groups: p=1.0). Simulations at R-G IF=0.90 also 193
show that it is independent of red cluster size at this level (50% of size: n=20, 0.89±0.03 194 (SD); 150% of size: n=20, 0.90±0.02 (SD); Kruskal-Wallis H test, all groups: p=0.30; 195 
Precision and statistical significance 243
Since the IF is based on the probabilities of cluster overlap from a set of random 244 simulations, the IF value can vary with repeated runs of the calculation for a single 245 image. To illustrate the degree of variation that can be expected, we generated 246 simulations over a range of IFs and then repeated the IF calculation 20 times for each 247 simulated image. The range of variation in the calculated IF for a random image was 248 0.10, while the range of variation in the calculated IF for an image at IF=0.96 was 0.01 249 (higher variation occurred in IFs closer to random), Supplementary Table 1 . 250
251
While calculating the IF of a single image can be informative for preliminary work, it is 252 recommended to draw conclusions based on a larger data set. In addition to data set 253 size, the ability to distinguish between data sets is also dependent upon the IF value: 254 the calculation is more precise for images with higher IFs. The IF curve ( Fig. 1d) is 255 relatively flat initially (near random levels of overlap), followed by a steeper section as 256 the IF increases. Therefore, the IFs of images closer to random co-localization levels 257 tend to have higher variance and are more difficult to distinguish: Figure 1e In order to determine how the calculation of statistical significance is affected by the IF 266 value for different data set sizes, we generated groups of images to simulate 267 experimental data sets at a range of IF values where n=5, 10 or 20 images per group. 268
The R-G IF was calculated for each simulated image and a Student's t-test was 269 performed between groups of images to obtain the associated p-values. To reduce the 270 potential of bias from using a single experimental image to make the simulations, the 271 comparison was repeated using identified clusters from 20 different images from an 272 experimental data set, and the average p-value was calculated. The results of this 273 comparison are shown in Fig. 3 . The data sets that showed no significant difference are 274 colored dark purple; note the larger proportion of this color on the heat map for smaller 275 sized data sets, but also note the extent of the dark purple for groups with low R-G IF as 276 opposed to groups with high R-G IF (left side of heat maps vs. right side of heat maps). 277 
Analysis of the interaction of DNA damage repair proteins 294
Following the development of SR microscopy, researchers have successfully devised 295 assays to use SMLM to probe the spatial and temporal recruitment of DNA damage 296 repair proteins to double stranded breaks (DSBs) 32 . We believe the IF approach could 297 bring new insights to the protein-protein interactions involved in key aspects of both 298 non-homologous end joining (NHEJ) and homologous recombination (HR), the principal 299 DSB repair pathways 33 . We tested the IF approach in three experimental datasets that 300 looked at damaged and undamaged cells and included proteins believed to be involved 301 in HR or NHEJ 33 . For datasets 1 and 2 ( Fig. 4a, left panel) , U2OS cells were 302 synchronized post-mitosis, released into G1 and treated with 2.5 ng/mL 303 neocarzinostatin (NCS) (DNA-damaged) or normal media (control) for 30 minutes, cells 304 were fixed and immunolabeled for phosphorylated DNA-PKcs (pDNA-PKcs) and DNA 305
Ligase IV (LigIV) (Fig. 4b ) or phosphorylated ATM kinase (pATM) and LigIV (Fig. 4c) . 306
For experimental dataset 3 (Fig. 4a, right panel) , U2OS cells were synchronized post-307 mitosis, released for 26 hours to establish a predominantly G2-phase cell population 308 and treated with NCS (DNA-damaged) or normal media (control) for 30 minutes. After 309 30 minutes of recovery, cells were fixed and immunolabeled for BRCA1 and BRIP1 (Fig.  310   4d) . Fig. 4b, iv) . 359
360
These data could be interpreted as both proteins being closer in space caused by an 361 increase in protein-protein interaction. It is also possible that the increase in these 362 measurements is simply due to an increase in cluster area or number. The total area 363 covered by LigIV and pDNA-PKcs was greater after DNA-damage compared to control 364 group ( Supplementary Fig. 5a ) raising the possibility that the observed changes in 365 overlap measurements were caused by an increase in cluster area. The effect of 366 changing cluster number is inconclusive given that while the number of pDNA-PKcs 367 clusters increased, the number of LigIV clusters decreased after DNA-damage 368 ( Supplementary Fig. 5a ). 369
We calculated the IF based upon LigIV as the reference protein (pDNA-PKcs-LIgIV IF) 371 and found that the mean IF was greater after DNA-damage compared to control group 372 (control: 0.39±0.06; DNA-damaged: 0.96±0.01(SEM); Welch's t-test, p<0.0001; Fig. 4b,  373 v), suggesting an increase in interaction between LigIV and pDNA-PKcs after DNA 374 damage. The mean IF of 0.39±0.06 (SEM) suggests that without NCS induced DNA 375 damage there is no or very little interaction between LigIV and pDNA-PKcs. Whereas, 376 the mean IF for the DNA-damaged group of 0.96±0.01(SEM) suggests that there is very 377 high interaction between LigIV and pDNA-PKcs after DNA damage. Furthermore, we 378 found that the choice of reference protein (LigIV or pDNA-PKcs) had no effect on the 379 results ( Supplementary Fig. 6a) . 380
pATM and LigIV 381
For experimental dataset 2, a Student's t-test showed that the area of overlaps between 382 pATM and LigIV was significantly greater after DNA-damage compared to control group 383 (control: n = 25, 0.67±0.10 2 (SEM); DNA-damaged: n=13, 1.37±0.14 2 (SEM); 384
Student's t-test, p<0.0001; Fig. 4c, ii) . Similarly, the number of overlaps between pATM 385 and LigIV clusters was significantly greater after DNA-damage compared to control 386 group (controls: 33.04±4.56(SEM); DNA-damaged: 50.54±5.01(SEM); Student's t-test, 387 p=0.02; Fig. 4c, iii) . To determine if the proportion of LigIV clusters that overlapped with 388 pATM changed after NCS treatment, we calculated the percentage of LigIV clusters that 389 overlapped with pATM and found a significant increase in the DNA-damaged group 390 (control: 48.67±3.26(SEM); DNA-damaged: 74.26±3.51(SEM); Student's t-test, 391 p<0.0001; Fig. 4c , iv). Altogether these data suggest that there is an increase in the 392 interaction between LigIV and pATM, however it is also possible that the increase in 393 overlap measurements is due to an increase in the number or area of clusters. 394
Additional data ( Supplementary Fig. 5b ) showed no differences between control and 395 DNA-damaged groups in cluster area or number, which would suggest that the 396 observed increase in overlap is due to an increase in protein-protein interaction. 397
398
We calculated the IF based upon LigIV as the reference protein (pATM-LigIV IF) and 399 found that the mean IF was greater after DNA-damage compared to control group 400 (control: 0.91±0.02(SEM); DNA-damaged: 0.98±0.01(SEM); Welch's t-test, p=0.03; Fig.  401 4c, v). Further examination of the IF measurements show that the mean IF was 402 0.91±0.02(SEM) for the control group suggesting that without the NCS DNA damage 403 induction there is high interaction between LigIV and pATM. Whereas, the mean IF for 404 the DNA-damaged group was 0.98±0.01(SEM) suggesting that the interaction was 405 already present in the absence of DNA damage induction, and increased slightly after 406 DNA damage. As in the previous data set, we found that the choice of reference protein 407 (LigIV or pATM) had no effect on the results ( Supplementary Fig. 6b) . 408
BRCA1 and BRIP1 409
For experimental dataset 3, a Student's t-test showed that the area of overlaps between 410 BRCA1 and BRIP1 was significantly greater after DNA-damage compared to control 411 group (control: n=17, 0.04±0.10 2 (SEM); DNA-damaged: n=18, 0.12±0.02 2 (SEM); 412
Welch's t-test, p<0.0001; Fig. 4d, ii) . Similarly, the number of overlaps between BRCA1 413 and BRIP1 clusters was significantly greater after DNA-damage compared to control 414 group (controls: 5.71±0.73(SEM); DNA-damaged: 14.06±1.61(SEM); Welch's t-test, 415 p<0.0001; Fig. 4d, iii) . To determine if the proportion of BRIP1 clusters that overlap with 416 BRCA1 changed after NCS treatment, we calculated the percentage of BRIP1 clusters 417 that overlapped with BRCA1 and found a significant increase in the DNA-damaged 418 group (control: 8.26±0.78(SEM); DNA-damaged: 13.33±1.12(SEM); Student's t-test, 419 p<0.0001; Fig. 4d, iv) . Altogether, these data suggest that there is an increase in 420 protein-protein interaction or that the respective clusters increased in number and/or 421 area. Additional data ( Supplementary Fig. 5c ) showed the DNA-damaged group 422 exhibited an increase in both BRIP1 and BRCA1 cluster area and number raising the 423 possibility that this increase in cluster density caused the observed increase in overlap. 424
425
We calculated the IF based upon BRIP1 as the reference protein (BRCA1-BRIP1 IF) 426
and found no significant difference in IF between control and DNA-damaged group 427 (control: 0.21±0.05(SEM); DNA-damaged: 0.17±0.04(SEM); Student's t-test, p=0.49; 428 Fig. 4d, v) , further supporting the hypothesis that the increase in cluster density caused 429 the increase in overlaps. Moreover, the low mean IFs in both groups would suggest that 430 the proteins are not interacting before or after DNA induced damage during G2 phase. 431
As in the previous data set, the choice of reference protein (BRIP1 or BRCA1) had no 432 effect on the results ( Supplementary Fig. 6c ). 433
Discussion

434
The Interaction Factor (IF) is calculated by using stochastic simulations to determine the 435 probability for random overlap and deriving the relationship between IF, the 436 experimentally observed overlap and the probability for random overlap (Eq. 1). Using both simulated and experimental data we show that the IF is widely applicable to a large 438 range of situations encountered in super-resolution microscopy. 439
440
In order to further elucidate the meaning of the IF in a biological context, we compared it 441 to the equilibrium dissociation constant (Kd) for receptor-ligand binding, based on the 442 assumption that the observed co-localization in an image is the result of binding 443 between the two molecules. We calculated in silico Kd values for simulated images with 444 increasing numbers of clusters of one color (corresponding to increasing the 445 concentration of the ligand), and then fit a saturation binding model to the results to 446
obtain Kd values and compared these with calculated IF values. As expected, there is 447 an inverse relationship between Kd and IF ( Supplementary Fig. 7) . When Kd decreases, 448 the probability for molecules to be in a bound state increases, leading to increased co-449 localization and increased IF. Supplementary Table 1 ). While increasing the size of the data set can 454 mitigate this problem somewhat (Figure 3 ), we recommend that in general reporting 455 interaction for IF levels below 0.5 is done with caution (Figure 1e(ii) ). In the case where 456 the calculated IF is reported as 0, this implies that the level of co-localization is equal to 457 or less than that found for the random case. We do not attempt to distinguish the IF for 458 the case where the co-localization is less than that found for random in our current 459 model, as we have yet to encounter this situation biologically. 460
For our simulated data, the accuracy of the IF calculation was lowest when using 25 462 clusters for both colors, especially when the clusters were small in size. Therefore, we 463 do not recommend using the IF calculation when images contain less than 25 clusters 464 and they are small with respect to the size of the ROI. In addition, it is important that 465 both sets of clusters are distributed uniformly over the ROI. If this is not the case, for 466 example if one of the clusters of molecules is bound to a membrane, then the procedure 467 can be modified by allowing one set of clusters to be left in their original positions while 468 randomly placing only the second set of clusters. An extension that could be added to 469 the IF algorithm would be to substitute the uniform distribution for randomization of 470 clusters within the ROI with an arbitrary shape for the distribution of clusters. 471
472
In the simulations produced for the IF calculation, clusters were randomly placed in the 473 ROI but we did not take the additional step of randomly rotating the clusters. While this 474 is straightforward to add to the algorithm, we found that it would not significantly affect 475 the results and therefore was an unnecessary complication ( Supplementary Fig. 8 ). 476
477
The IF has the potential to probe the asymmetry of the interaction, i.e. for two 478 interacting clusters of molecules, the IF for one set of clusters with respect to the other 479 can be directional. For example, in the case where only a small subset of one protein 480 interacts with the second protein while the second protein almost always interacts with 481 the first, the IF will be different depending on the choice of the reference protein. This 482 fact is taken into account in the formulation of the IF (Equation 1, Supplementary Fig. 1) and it is recommended to calculate the IF in the context of both sets of clusters to fully 484 describe the meaning of the co-localization in the image. In our ImageJ plugin 485 ( Supplementary Fig. 9 ), both calculations are always reported. 486
487
The method for determining co-localization was chosen as the percentage of 488 overlapping clusters where overlap is defined as any amount of pixel overlap between 489 segmented objects. This seemed a valid basis for measuring co-localization in SR 490
images, but we recognize that the optimal measure can be different depending on the 491 application. Our model may be adjusted to consider co-localization in a different 492 manner, for example a particular amount of pixel overlap, the overlap of a cluster 493 centroid with another cluster or a minimum distance of clusters. 494
495
The current implementation of IF is for interactions in two dimensions, but it would be 496 straightforward to extend it to three dimensional images by simple implementation 497 changes without any need to change the basic definition of the IF. 498
499
Finally, we recognize that the algorithm is not suited for images where molecules cannot 500 be arranged in clusters, and thus other co-localization methods such as cross-501 correlation analysis 22, 23 , the CBC method 29 or intensity-based methods 1, 8, 9 are better 502 suited for this type of data. 503
504
In summary, we have introduced a new technique to evaluate co-localization 505 measurements in microscopy images, the Interaction Factor (IF). It provides an 506 absolute measure of the interaction between proteins and because it is insensitive to 507 cluster density, it can directly be used for calculating the effective size of changes 508 between experimental conditions. The absolute nature of the IF makes interpretation of 509 co-localization in microscopy images easier by allowing biologists not only to quantify 510 the size of the change in interaction but also to distinguish the case where the change 511 goes from no interaction to high interaction from the case where the interaction is 512 already high but then increases even further. The examples we have shown here are all 513 from dSTORM images but the method is equally applicable to other SR and 514 conventional fluorescence microscopies, or for that matter, to any images with 515 overlapping objects of different types. 516
Methods 517
Sample preparation and Immunofluorescence 518
For experimental data sets 1 and 2 ( Fig. 4a, left panel and Fig. 4b&c ), U2OS (American 519 Type Culture Collection) cells were cultured routinely in McCoy's 5A medium 520 supplemented with 10% fetal bovine serum and penicillin/streptomycin. Cells were 521 synchronized post-mitosis by serum starvation for 72 hours, before release into G1 and 522 treatment with 5 ng/mL of neocarzinostatin (NCS) for 30 minutes (DNA-damaged) or 523 normal media (control). For experimental dataset 3 (Figure 4a , right panel and Fig. 4d) , 524 U2OS cells were synchronized by serum starvation for 72h, released for 16 hours and 525 treated with CPT for 30 minutes (DNA-damaged) or normal media (control). 526
Cells were then subsequently prepared for imaging via cytoplasmic extraction with cold 528 CSK buffer containing 0.5% Triton X-100, washed with DPBS (with calcium and 529 magnesium), and fixed for 15 minutes in 4% paraformaldaheyde in DPBS. Coverslips 530 were blocked with blocking solution [20 mg/mL BSA, 0.2% gelatin, 2% (wt/vol) glycine, 531 50 mM NH4Cl, and PBS], then stained with primary antibodies dilutions specified by the 532 manufacturer either overnight at 4 °C or for 1 h at room temperature) and secondary 533 antibodies (usually at 1:1,000-5,000 for 30 min at room temperature) in blocking 534 solution before imaging. The following primary antibodies were used: phosphorylated 535 DNA-dependent protein kinase catalytic subunit (pDNA-PKcs; ab18356, Abcam), DNA 536 Ligase IV (LigIV; ab26039, Abcam) and phosphorylated Ataxia telangiectasia-mutated 537 protein (pATM; ab36810, Abcam), Breast cancer type 1 susceptibility protein (BRCA1; 538 sc6954, Santa Cruz) and Fanconi anemia group J protein (BRIP1; NB100-416, Novus). 539
Anti-mouse and anti-rabbit secondary antibodies conjugated to Alexa Fluor 647, 568 540 and 488 were used for visualization (Thermofisher). 541
Microscopy Setup for Single-Molecule Imaging 542
We used a custom-built microscopy setup based on a Leica DMI3000 microscope 543 equipped with an HCX PL APO 63× NA 1.47 OIL CORR TIRF objective, followed by 544 achromatic 2× tube lens magnification. The microscope was coupled to 473 nm (200 545 mW), 532 nm (200 mW), and 640 nm (150 mW) diode-pumped solid-state lasers to 546 excite the sample in a Highly Inclined and Laminated Optical Sheet (HILO) illumination 547 mode for improved signal to noise ratio and to reject out of plane fluorescence. Sample 548 emission was collected and split into multiple channels through the use of proper 549 dichroic and emission narrow-band bandpass filters in conjunction with the use of a 550 Photometrics DV2 multichannel imaging system to image two colors simultaneously, 551 side-by-side, onto a single EM-CCD camera (Andor iXon+ 897) acquiring at 33 Hz. 552
553
For accurate alignment and mapping of the two color channels, we first imaged 554 diffraction-limited fluorescent beads that have wide emission spectra spanning all 555 channels (Life Technologies). The location of the beads was matched for each channel, 556 and a mapping matrix was generated using a custom mapping routine (IDL; Exelis 557 Visual Information Solutions). In brief, this routine is based on the use of a polynomial 558 morph-type mapping function, in which mapping coefficients are generated by Gaussian 559 and centroid fits to the subdiffraction limit point spread functions of the fluorescence 560 beads. 561
SR Imaging 562
SR imaging was achieved through a modified direct stochastic optical reconstruction 563 microscopy (dSTORM) approach 18 . Images were acquired in HILO illumination mode 34 . 564
Using these acquisition modes and the filters described earlier, we found only negligible 565 fluorescence cross-talk between channels. Subdiffraction two-color colocalization error 566 was <20 nm in our instrument 18, 35 . SR imaging conditions were achieved through the 567 addition of 100 mM MEA and an additional oxygen-scavenging system (1 mg/mL 568 glucose oxidase, 0.02 mg/mL catalase, and 10% glucose) 28, 36 . Movies containing a 569 minimum of 2,000 frames were used to generate reconstructed super-resolved images.
